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Abstract
Fog and mist are meteorological phenomena that have signiﬁcant contributions to tem-
perature variations. Understanding and predicting them is also crucial for transporta-
tion risk management. It has been shown that low visibility phenomena over Europe
have been declining over the past three decades. The trends in mist and haze have 5
been correlated to atmospheric aerosol trends. However, dense fog has not received
yet such focus. The goal of this paper is to examine the roles of synoptic atmospheric
circulation and aerosol content on the trends of dense fog. We show that sulphur emis-
sion trends are spatially correlated with visibility trends, with a maximum correlation
when visibility is between 1km and 10km. We ﬁnd that atmospheric dynamics over- 10
all contributes up to 40% of the variability of the frequency of fog occurrences. This
contribution is spatially variable and highly depends on the topography and the sea-
son, with higher values in the winter. The observed long-term circulation changes do
not contribute much to the trends in low visibility found in the data. This process is
illustrated on three stations (De Bilt, Z¨ urich Airport and Potsdam) for which a long-term 15
visibility data and a thorough meteorological description are available. We conclude
that to properly represent fog in future climate simulations, it is necessary to include
realistic representations of aerosol emissions and chemistry, land surface properties
and atmospheric dynamics.
1 Introduction 20
Fog and mist are meteorological phenomena with a large societal impact. They
strongly aﬀect the surface temperature by reﬂecting sunlight and isolating the ground
from upper atmospheric layers. More directly, low visibility also impacts all forms of
traﬃc. Understanding the characteristics of those phenomena is hence an important
societal issue. However, these low visibility phenomena are poorly predicted by numer- 25
ical weather forecast models and cannot be adequately represented in climate models
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yet. This aﬀects the temperature simulations of these models. The poor simulation
of fog and mist in climate models also implies that these phenomena are usually not
included in climate change scenarios, in spite of their importance to society.
In a previous paper we showed that a strong decline of the number of mist and fog
days has been observed in Europe over the period 1976–2006 (Vautard et al., 2009), 5
using a multidecadal global visibility archive. The decline in European air pollution was
shown to be linked to the visibility increase: the temporal and spatial patterns of fog
and mist declines are strongly correlated with emission reductions. We showed that the
reduction in low visibility phenomena in Europe contributed 10 to 20% to the day-time
temperature trend 1976–2006, reaching 50% in parts of eastern Europe. However 10
most of the eﬀect was found to be due to visibilities ranging from 1 to 5km. Dense
fog, with visibilities less than a few tens or hundreds of meters was not studied in
detail. More generally, many studies have quantiﬁed the radiative eﬀects of changes in
aerosol loads (see e.g. Wild, 2009, for a review), but changes in dense fog are poorly
documented. 15
In this paper we ﬁrst extend the trend analysis to dense fog (less than 200m visi-
bility). Next we perform a statistical analysis of two factors that are likely candidates
for explaining the trend in low visibility: aerosols and atmospheric circulation. These
factors are used in meteorological fog forecasting systems.
For aerosols we compare the spatial and temporal patterns of the trend in low vis- 20
ibility with the patterns of SO2 emission trends in Europe. We also consider possible
changes in urbanisation in the spatial comparison.
The atmospheric circulation is investigated using the daily pressure ﬁeld. We con-
sider the daily large-scale weather patterns aﬀecting fog and mist at three stations for
winter (October–March) and summer (April–September). Next these are compared 25
to the mean patterns of seasons with anomalously large number of fog or mist days
(relative to the trend). A concise description of the seasonal sea-level pressure (SLP)
patterns is then used to parametrise the circulation dependence of the whole dataset.
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There are two pathways in which atmospheric circulation inﬂuences fog. The ﬁrst
is direct: certain large-scale circulation types are more likely to give rise to the micro-
meteorological conditions that are conducive for radiation or advection fog formation
(for radiation fog: no clouds, a low wind speed and a stably stratiﬁed atmosphere near
the ground). The second pathway is indirect, by aﬀecting aerosol concentrations at 5
ground level for given emissions. The large-scale circulation inﬂuences advection of
pollution from the emission points to other regions, the height of the mixed layer and
the probability of precipitation that removes aerosols from the air.
The relationships that we ﬁnd between fog and mist and the two factors aerosols and
atmospheric circulation allow us to make qualitative projections of the future number of 10
fog and mist days that follow from a range of emission and circulation scenarios.
2 Data
Horizontal-visibility data have been taken from the 6-hourly NCEP ADP land sur-
face observations available at the National Centre for Atmospheric Research (NCAR)
server http://dss.ucar.edu/datasets/ds464.0. We selected 329 European stations (out 15
of 4479) within [10
◦W–30
◦E; 35
◦N–60
◦N]. Stations were selected that had data over at
least 1980–2000, at least 10 years with at least two observations per day, and at least
30 observations in all half-year seasons between 1980 and 2000 (excluding 1997).
The details of the selection procedure are given in Vautard et al. (2009). Compared to
that list, we excluded 9 high-altitude stations (above 1000m). Six stations showed very 20
obvious breaks in a visual inspection of the time series: 02566 Krokshult SE; 03495
Coltishall UK, 03827 Plymouth/Mount Batt. UK, 06260 De Bilt NL, 06344 Rotterdam
Airport NL and 11406 Cheb CZ. For the Dutch stations the break coincides with the
introduction of automatic weather stations in 2001. We consequently left out the years
2002–2006 for all Dutch data. The other four stations were removed from the dataset. 25
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About two-thirds of the stations correspond to airports or airﬁelds, at which low vis-
ibility observations are very important and often performed with more care
1. When
plotting the results separately for airports/airﬁelds and other stations it is apparent that
the latter subset indeed contains more noise (not shown). However, there do not ap-
pear to be systematic diﬀerences between the two subsets. In the following we present 5
results for the complete dataset.
We also use longer time series of daily minimum visibility observed at De Bilt 1955–
2001 (available from the KNMI web site), Z¨ urich Airport (courtesy of MeteoSwiss) and
Potsdam (courtesy of Deutsche Wetterdienst).
Circulation indices are derived from the NCEP/NCAR Reanalysis-1 (Kalnay et al., 10
1996) sea-level pressure ﬁeld (SLP).
Historical sulphur dioxide emissions 1990–2007 were obtained from the European
Monitoring and Evaluation Programme (EMEP) web site at 0.5
◦, and averaged into
2.5
◦ grid boxes. For the future emission scenarios we used the three Representative
Concentration Pathways (RCPs, the emission scenarios for the Fifth Coupled Model 15
Intercomparison Project CMIP5 and the ﬁfth IPCC assessment report) for which data
were available at the time of writing: RCP26 (van Vuuren et al., 2007), RCP45 (Smith
and Wigley, 2006; Wise et al., 2009) and RCP85 (Riahi et al., 2007). Historical land
use data up to 2005 on a 0.5
◦ grid have also been obtained via the CMIP5 site and are
described in Hurtt et al. (2006). 20
3 Mean and trends in dense fog and mist
We ﬁrst extend the trend analysis of Vautard et al. (2009) to dense fog. In that paper
trends were only established for horizontal visibilities cut-oﬀs of 1km and higher. These
have the largest eﬀects on temperature, due to the more frequent occurrence. How-
ever, dense fog (visibility less than 200m) is also very important for traﬃc safety. Very 25
1Jitze van der Meulen, personal communication, 2008
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dense fog (visibility less than 50m) is not reported by all stations, and could therefore
not be analysed. A downward trend in dense fog in the Netherlands was already noted
by Knip (2002).
In this analysis we concentrate on the daily minimum visibility. For the NCAR dataset
this is deﬁned as the minimum of the 00:00, 06:00, 12:00 and 18:00UTC observations. 5
In contrast, Vautard et al. (2009) considered the daily mean, day-time and night-time
visibility, which are more relevant for temperature eﬀects. The mean number of days
per half year with minimum visibility less than 200m and 2km is shown Fig. 1. The
numbers are very low on the Mediterranean coasts, in Ireland and on the west coast of
Great Britain. Eastern Europe and the Alps have the highest numbers of fog and mist 10
days.
Figure 2 shows the relative decline in fog and mist days in Europe in winter (October–
March) and summer (April–September) 1976–2006, based on the NCAR dataset. The
relative decline is deﬁned with respect to the mean number of days over the whole
period, not relative to the number of days at the beginning of the period. A value of 15
5.5%yr
−1 indicates a total elimination of fog or mist, from twice the mean value to
nothing over 31 years, 3%yr
−1 means the number of days has halved.
The negative trends in 2km visibility are signiﬁcant at p<0.1 for around two-thirds
of the stations, decreasing to half the stations at p<0.01, see Table 1. The fraction of
stations with positive trends is comparable to the fraction expected by chance in data 20
with no trend, p/2, but the fraction of stations with negative trends is much larger. The
non-signiﬁcant trends are located mainly in North Africa, southern Spain and western
Scotland and Ireland. In these regions fog is rare and the trends mainly due to chance.
For dense fog (visibility less than 200m) the variability is much larger. On average
the relative trends are very similar to the trends of 2km visibility, but the scatter around 25
the mean value is much larger. This is also apparent in the signiﬁcances: only one
third of the stations have a negative trend that is statistically signiﬁcant at p<0.1, and
one out of six a negative trend with p<0.01. Again the fraction of positive trends is
comparable to the fraction expected by chance.
23992ACPD
9, 23987–24027, 2009
Circulation and
aerosols in decline of
mist and fog
G. J. van Oldenborgh et
al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
We conclude that in Europe there is a signiﬁcant downward trend in the observations
of dense fog. The relative trends in days with dense fog are comparable to the trends
in days with less extreme low visibility, albeit with more scatter around the mean value.
4 Correlations with sulphur emissions
Two factors that are taken into account when considering the spatial distribution of fog 5
in weather forecasts are aerosols and land use (e.g. Musk, 1991). Aerosols provide
condensation nuclei for fog formation, and at longer visibilities also intercept the light
themselves. Urbanisation aﬀects the night-time surface temperatures, roughness and
moisture availability. There is less cooling in the less open terrain of a city, the high
roughness implies a boundary layer that is too thick for fog to form, and less evaporation 10
may mean less moisture availability for fog.
Concerning aerosols, Vautard et al. (2009) have shown that the spatial pattern of
daily mean 5km visibility trends 1976–2006 was highly correlated with EMEP emission
trends 1990–2000. There is evidence that air pollution also aﬀects dense fog. As an ex-
ample, on New Year’s Eve in both 1993 and 2008, ﬁreworks set oﬀ at midnight triggered 15
very dense fog in large parts of the Netherlands. On many roads the visibility dropped
to tens of meters, causing many traﬃc accidents. This aerosol eﬀect is illustrated in
Fig. 3, which shows the visibility observed at various runways at Amsterdam Airport
in 1-min intervals around midnight. Between half an hour and one hour after mid-
night, the fog reached the observing stations and visibility dropped from 700m–2km 20
to 200–400m. It should be noted that ﬁrework aerosols contain high concentrations of
hygroscopic salts that serve as colouring agents
2.
In a less extreme case, observations during a fog epsiode in polluted air during the
ParisFog ﬁeld campaign (Elias et al., 2009) indicated that hydrated aerosols dominated
light extinction in haze (visibility 400–800m to 5km, humidity 90%–100%). During the 25
2H. ten Brink, personal communication, 2009
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fog hours (visibility less than 400–800m, humidity 100%) these particles also con-
tributed, although the larger water droplets cause a stronger extinction. Rangognio
et al. (2009) show in a modelling study of one of these these fog episodes that the fog
properties depend critically and non-linearly on the aerosol concentrations and proper-
ties. Moderately polluted air leads to more droplets and higher liquid water concentra- 5
tion (LWC), but in heavily polluted air both the droplet numbers and LWC drop again. In
another micro-meteorological modelling study of fog in tall vegetation, von Glasow and
Bott (1999) ﬁnd that urban aerosols cause higher water content and longer-lasting fog
than rural aerosols, supporting the ﬁnding that fog properties are strongly inﬂuenced
by aerosols. 10
In Fig. 4 we extend the analysis of Vautard et al. (2009) to lower visibilities. As-
suming a monotonous relationship between fog and aerosols for most fog episodes,
we computed the spatial rank correlation between the trend of the number of days
with minimum visibility less than a range of cut-oﬀs with EMEP SO2 emission trends
over 1990–2007 (Streets et al., 2006). The two data points before 1990 have large 15
uncertainties and have been omitted. The trends have been gridded onto the same
2.5
◦×2.5
◦ grid as the emission data, covering 10
◦ W–35
◦ E, 37
◦–60
◦ N, demanding at
least two stations in each grid box. The trends in each box were weighted with the
inverse error squared. The 88 grid boxes with data are not all independent, the decor-
relation scale was estimated to be 4
◦ for the trend in the number of days with visibility 20
smaller than 2km to 2
◦ for 200m, using the method of Sterl et al. (2007). This gives
rise to estimates of 50 degrees of freedom for 2km, to 88 for 200m. The corresponding
one-sided conﬁdence levels at p<0.05 are indicated by the green line.
The ﬁgure shows a positive spatial rank correlation between emission trends and low
visibility trends at all distances. All correlations are signiﬁcant at p<0.05. The strength 25
of the correlation decreases for low visibilities. This is at least partly due to the much
smaller spatial scales apparent in the trends for smaller cut-oﬀs (compare Fig. 2a and
2b). These details are lost in the 2.5
◦×2.5
◦ grid used for the comparison.
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Also shown in Fig. 4 is the spatial correlation with an estimate of the trend in ur-
banisation over 1976–2006. The fraction with urban land use on a 0.5
◦ grid 1976–2005
(Hurtt et al., 2006) has been been averaged to the same 2.5
◦ grid as the emission data.
For easier comparison with the aerosol signal the correlation with the negative trend
is plotted: more urban land is expected to give rise to less fog and mist. The spatial 5
correlations support this hypothesis: they are indeed negative for all ranges, although
not all are signiﬁcant at p<0.05 (one-sided). The strengths of the spatial correlations
seem lower than for SO2 emissions, although the diﬀerence is not statistically signiﬁ-
cant. The lower correlations are due to the largest trends to more urban land having
occurred in western Europe, whereas the increase in air quality has also been very 10
strong in eastern Europe. The latter patterns matches to the fog trend signal better.
Another line of evidence for a signiﬁcant inﬂuence of aerosols on fog formation, even
at visibility threshold below 1km, comes from the temporal evolution at the stations
for which long time series are available. Sulphur emissions in western Europe peaked
between 1970 and 1980, in eastern Europe somewhat later (Stern, 2006). In Fig. 5 we 15
show the annual number of dense fog and mist days in the long time series available at
De Bilt (the Netherlands), Z¨ urich Airport (Switzerland) and Potsdam (Germany). These
stations all show that the number of fog and mist days start to decline quickly at some
time between 1970 and 1985. Before this date there is no trend (De Bilt), a slower
decrease (Z¨ urich Airport) or an increase (Potsdam) in the number of fog or mist days. 20
We estimated the break-point from the 5km visibility data to be 1985 for De Bilt, 1975
for Z¨ urich Airport and Potsdam. The diﬀerence in trend before and after the break-point
is always negative, and signiﬁcant at p<0.05 (one-sided t-test) at all thresholds except
200m at De Bilt, and 1km in Z¨ urich Airport. This behaviour can also be seen in other
stations with long time series, but not when these are in heavily industrialised areas 25
(e.g. Rotterdam, Saarbr¨ ucken): the number of fog days there shows a uniform decline.
The Hurtt et al. (2006) dataset shows almost uniform trends towards more urbani-
sation at coarse spatial scales at De Bilt and Z¨ urich Airport, making the contribution
from this land use change impossible to isolate with a temporal correlation technique
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(see e.g. Sies, 1988). At Potsdam there is a maximum around 1990, which probably
reinforced the strong maximum in visibility seen in Fig. 5c.
It should be noted that the spatial and temporal correlations presented above are
a ﬁrst statistical analysis. The seasonal and small-scale spatial variability of sulphur
emissions, which interact with the seasonal and small-scale spatial variability of fog, 5
have not yet been taken into account. Neither have we considered the contribution of
other emissions that lead to the formation of aerosols, such as black carbon and NOx,
although these are thought to be less easily activated into fog droplets (Rangognio
et al., 2009).
We conclude that both from the large-scale spatial pattern of the trends in fog over 10
the last decades and from the temporal patterns of longer time series, there is clear
evidence that the improvement in air quality in Europe has contributed to the decrease
in fog and mist days. As expected, the correlations are stronger for haze and mist (2km
and higher), but they are also statistically signiﬁcant for (dense) fog. Given the large
uncertainties of emissions before 1990 we have not been able to give a quantitative 15
estimate of this contribution to the trend.
5 Circulation patterns associated with low visibility at De Bilt, Z¨ urich Airport
and Potsdam
5.1 Daily SLP patterns associated with low visibility
We investigate the weather types associated with dense fog and mist for the stations 20
for which long time series are available, De Bilt, Z¨ urich Airport and Potsdam. The daily
SLP patterns are constructed as composites of the days at which a minimum visibility of
less than 200m (2km) was recorded. These patterns are shown in Figs. 6 and 7. The
patterns are diﬀerent between summer and winter. However, the patterns associated
with dense fog are similar to those associated with 2km mist. 25
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At De Bilt in winter, an anomalous easterly ﬂow and high pressure are conducive for
mist and fog formation. The pressure gradients of the anomalies cancel the climato-
logical gradients, creating conditions favourable for the the low wind speeds and low
temperatures that allow fog to form. Under a high pressure system there are usually
fewer clouds, the atmosphere is more stably stratiﬁed and radiative cooling is more 5
likely.
However, the same weather patterns also increase the concentrations of aerosols in
the boundary layer. Westerly winds advect relatively clean maritime air to the Nether-
lands. In blocking or anticyclonic situations, polluted continental air is advected or even
recirculated toward Western Europe allowing the build-up of high concentration loads 10
(Vautard et al., 2005; Stern et al., 2008). In such conditions, a stably stratiﬁed atmo-
sphere is generally found, with a thinner boundary layer, also increasing the aerosol
burden near the surface.
In summer, dense fog at De Bilt is much rarer. The blocking high is on average
considerably weaker and a bit more easterly than in the winter, but otherwise the same 15
factors hold.
At Z¨ urich Airport winter fog is associated with a southerly geostrophic ﬂow across
the Alps: south-westerly in winter, south-easterly in summer (Fig. 7). In winter, this is a
composite of easterly ﬂow that leads to fog in all of northern Switzerland, and southerly
ﬂows that just ﬁll the valley between the Alps and the Jura with fog (Troxler and Wanner, 20
1991, Fig. 5a, c).
Composites of SLP for days with fog or mist in Potsdam (not shown) show patterns
that are very similar to the ones for De Bilt (Fig. 6), but translated to the east by the
distance between the stations (approx. 500km).
5.2 Seasonal SLP patterns associated with low visibility 25
Having established the daily circulation patterns associated with single low-vibility days,
we next study the eﬀect of the seasonal mean large-scale circulation on the frequency
of low-visibility phenomena. A measure of this eﬀect is the regression of the number
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of dense fog and mist days on the seasonal mean pressure patterns. If the resulting
weather types are similar to the ones found in the composites, we can use the seasonal
mean circulation as a predictor for the number of low-visibility situations, and attribute
part of the downward trend to changes in circulation. In other words, we check whether
the high-frequency daily signal can be averaged to a lower-frequency seasonal signal. 5
In Fig. 8 we show the regression of the seasonally averaged sea-level pressure ﬁeld
on the number of days at De Bilt with visibility less than 200m and 2km. A simple
high-pass ﬁlter has been applied (year-on-year diﬀerences) to eliminate the inﬂuence
of the trends to ﬁrst order.
The winter regression patterns at De Bilt and Potsdam shown in Figs. 8 and 10 are 10
similar to the composites of Fig. 6, showing that a winter with many fog days has on
average sea-level pressure pattern that is like the composite patterns associated with
fog. For Z¨ urich Airport the correspondence is somewhat worse, with the ﬂow more
south-easterly than southerly, but still reasonable.
In summer, the patterns completely disagree at De Bilt. Although fog and mist days 15
there occur in a blocking situation, summers with the highest number of days have
below-normal SLP in the Netherlands or to the west of it. This is an expression of the
observation that in summer fog and mist only form when there is enough moisture, so
they are most likely on a beautiful day following a wet period. Figure 11 shows that the
number of dense fog days in high summer (July–August) is lower when this part of the 20
summer is wet, but higher when the preceding months have been wet. A wet spring or
early summer leaves wet soils behind, leading to enough moisture, whereas summer
fog itself is associated with dry weather.
In Z¨ urich Airport (Fig. 9) the summer regression patterns indicate that summers
with a mainly south-easterly ﬂow across Switzerland have the largest number of fog 25
and mist days, in correspondence with the composite SLP on these days. Also at
Potsdam there is better agreement between the daily composites and the seasonal
means, although not as good as in winter.
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6 Circulation inﬂuences on low visibility in Europe
The patterns that are associated with foggy seasons are fairly local, and cannot be
adequately described by the ﬁrst few (rotated) EOFs of the large-scale ﬂow, such
as the North-Atlantic Oscillation. The regressions of Figs. 8–10 usually consist of a
dipole around the point at which the fog is observed. This suggests the use of lo- 5
cal geostrophic wind (the ﬁrst derivatives of the SLP ﬁeld) and vorticity (the average
second derivative) as indices for the large-scale circulation, as introduced in the con-
text of temperature and precipitation sensitivities by van Ulden and van Oldenborgh
(2006) and van Oldenborgh et al. (2009) and in the context of fog forecasting by Clark
and Hopwood (2001). For instance at De Bilt we expect contributions from easterly 10
geostrophic wind to cancel the background westerly ﬂow, and from negative vorticity
as a proxy for anticyclonic weather types. We therefore attempt to describe the anoma-
lous number of fog days N
0 with a multiple linear regression on these local circulation
indices, constructing the following very simple model (VSM):
N0(t)=AUU0(t)+AV V 0(t)+BW 0(t)+η(t). (1) 15
The geostrophic wind U
0, V
0 and vorticity anomalies W
0 are computed from the
NCEP/NCAR reanalysis sea-level pressure (Kalnay et al., 1996) on a 20
◦ box around
the station. The coeﬃcients AV , AU, B are ﬁtted for winter and summer separately to
minimise the noise residual η. Before applying the ﬁtting procedure, a linear regression
on time has been subtracted from all data N
0, U
0, V
0, W
0 in order to exclude the trend 20
that we want to explain.
6.1 Eﬀects of geostrophic ﬂows on low visibility
We show the coeﬃcients AV , AU, B in Eq. (1) plus the square root of the explained
variance in Figs. 12–14.
In winters with a strong west circulation, the number of fog and mist days is generally 25
lower than in winters with more blocking, in agreement with the situation at the three
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stations analysed in Sect. 5. This is not the case for dense fog in the Balkan. In this
area, a stronger zonal geostrophic wind is associated with more dense fog, but less
mist. Apparently diﬀerent mechanisms play a role here for dense fog and mist.
In summer the eﬀect of circulation is more dependent on local factors. An example
is the east coast of Britain, where the regression is negative: easterly winds tend to 5
advect sea fog to the land (Fig. 12). At the other side of the North Sea the sign is
opposite.
North of the Alps and in eastern Europe, years with anomalously southerly winds
have on average more fog and mist days.
Finally, the regression on vorticity (Fig. 14) shows that the opposition between sum- 10
mer and winter noted for De Bilt holds for a large part of Europe. In winter, a season
with more negative vorticity (high pressure) gives rise to more fog days, due to more
pollution and/or colder nights. In Russia and Ukraine, the relationship is the opposite.
This eﬀect is also noted by Ye (2009) and ascribed to the decreased availability of water
vapour in high-pressure situations. 15
In contrast, summers with predominantly positive vorticity (low pressure) have more
fog days, in agreement with the example of De Bilt presented in Sect. 5.
In summary, the large-scale circulation plays a role in fog and mist formation. The
patterns associated with dense fog and 2km mist are very similar except in the Balkan
in winter. The VSM Eq. (1) explains about one quarter of the total variance of the 20
detrended series in most of Europe in winter, slightly more for 2km visibility, less in
eastern Europe (Fig. 15 shows the square root of the explained variance). In summer
the explained variance is generally lower.
In winter the circulation patterns aﬀecting fog and mist have large scales. In most
of Europe, more westerlies decrease the number of fog and mist days. Just north of 25
the Alps and in eastern Europe, southerly ﬂows also increase the number of fog days.
High pressure (negative vorticity increases fog and mist everywhere except the eastern
edge of the study area.
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In summer the patterns are more local. Positive vorticity (low pressure) is gener-
ally associated with fog in the seasonal mean, although individual fog days still are
associated with a high-pressure situation.
The regression analysis in this section does not show whether the inﬂuence of circu-
lation is mainly due to diﬀering concentrations of aerosols or directly by increasing the 5
likelihood of favourable meteorological conditions.
7 Trends in circulation and their eﬀect on low visibility
Over the last 50 years there have been signiﬁcant trends in circulation in Europe,
especially in late winter and early spring (see e.g. van Oldenborgh and van Ulden,
2003; Osborn, 2004; van Oldenborgh et al., 2009). The trends in January–March zonal 10
geostrophic wind U are shown in Fig. 16 for the periods 1948–2007 and 1976–2006.
Increased air pressure over the Mediterranean and decreased pressure over Scandi-
navia have caused more westerly ﬂows over the area north of the Alps. The pattern is
very similar between the whole period of the reanalysis (1948–2007) and the period for
which the European horizontal visibility data is available (1976–2006). Over the longer 15
period the trend is highly signiﬁcant. Combined with the reduction of fog and mist days
in the same area in winters with westerly ﬂows (Fig. 12), this implies that the change in
circulation in January–March played a role in the reduction of low visibility there.
Over 1948–2009 there are no signiﬁcant trends in the meridional geostrophic wind,
although the sub-period 1976–2006 shows an increase in northerly ﬂows over eastern 20
Europe in late winter (not shown). The positive regression on meridional ﬂows (Fig. 13)
implies that this shift contributed to the observed reduction of fog and mist days over
1976–2006 in this area.
The NCEP/NCAR reanalysis also has a strong trend towards lower vorticity over the
Alps. However, this trend is absent in the ERA40 reanalysis (Uppala et al., 2005), so it 25
is not considered further here.
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We can now ﬁnd an estimate of the trend in the number of low visibility days due to
circulation changes by multiplying the trends in geostrophic wind and vorticity with the
regression on these indices:
dNcirc
dt
≈AU
dU
dt
+AV
dV
dt
+B
dW
dT
. (2)
This contribution to the trend in shown in Fig. 17. For comparison we show the contri- 5
bution of increased westerlies in isolation in Fig. 18, i.e. retaining only the ﬁrst term in
Eqs. (1) and (2).
The shift towards more westerly ﬂows in the second half of winter contributed to the
observed trend towards fewer dense fog and mist days. However, the addition of merid-
ional wind and vorticity in the analysis muddles the picture considerably, especially for 10
dense fog. For instance, over the period 1976–2006 there has been a decrease in vor-
ticity over much of Europe, counteracting the eﬀect of the increase in zonal geostrophic
wind. One sees that, especially for dense fog, the signal/noise ratio in just 30 years of
observations starts to become a limiting factor.
Overall, the eﬀects of shifts in large-scale circulation on the trend in dense fog and 15
mist days have been much smaller than the trend itself. Even in the second half of
winter, the contribution of the shift in circulation is at most 20% (note the factor ﬁve
diﬀerent scale in Figs. 17 and 18 compared to Fig. 2). This implies that other factors
have been more important in causing the large observed trends.
8 Outlook 20
Most, but not all, climate models project an increase in westerly ﬂow over Europe in
winter similar in pattern, but much smaller in amplitude, to the trend observed over the
last 60 years (van Oldenborgh et al., 2009). This shift in circulation would lead to a
decrease in the number of fog and mist days north of the Alps. For the Netherlands,
the magnitude of the shift is taken to be between 0 and 1ms
−1 for a global mean 25
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temperature rise of 2K (van den Hurk et al., 2007). This corresponds to a decrease
of the number of fog and mist days due to circulation changes of 0% to 25%, using
the numbers of Fig. 12. If the dependence of low visibility on fog is primarily through
aerosol concentrations rather than directly through the meteorological inﬂuence, these
numbers scale with the aerosol emissions and will be smaller in the future. It is not 5
possible to diﬀerentiate this statistically based on the limited data we have available.
In high summer (July–August), fog tends to occur in dry spells after a rainy period
weeks to months earlier. Most, but not all, climate models project a drying trend in
Europe in summer (IPCC, 2007), decreasing the occurrence of summer fog further.
Probably a more important factor in the trend observed up to now has been the 10
decrease in sulphur dioxide emissions leading to decreased concentrations of sulphate
aerosols. The past evolution of aerosol emission has many uncertainties. Their fate in
the future strongly depends on the technology and climate mitigation choices that will
be made. However, at the European level, the legislation pressure on air quality makes
it improbable that aerosol emission increase. The emission scenarios for the ﬁfth IPCC 15
Assessment Report project a further decrease in SO2 emissions in Europe. In 2050
emissions are assumed to 90% lower than in 2009 in the RCP26 scenario (van Vuuren
et al., 2007), more than 60% lower in the RCP45 scenario (Smith and Wigley, 2006;
Wise et al., 2009) and 75% lower in the RCP85 scenario (Riahi et al., 2007). All these
reductions are fairly uniform in space. Although we have not been able to quantify the 20
strength of the connection between aerosol emissions and fog, these steep reductions,
if achieved, will reduce the number of fog days further.
The trend to more urban area in western Europe may also have contributed to the
observed trend over the last 30 years. It is unlikely that this trend will be reversed
over the next decades, so this factor will most likely not counteract the trends due to 25
projected changes in atmospheric dynamics and aerosol emissions.
There are other local factors that may have aﬀected fog that we have not considered
in this analysis. The availability of moisture has changed due to the increase in built-up
area and lower ground-water tables. The stability of the lower part of the atmosphere
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is obviously an important factor in fog formation. This stability may have changed,
because of climate changes or as a result of changes in the ground-level environment,
such as more heat generation. These eﬀects have not yet been quantiﬁed and hence
are not included in this ﬁrst projection, but again are unlikely to reverse sign from the
last 30 years. 5
It is of course impossible that the current trends will continue at the same pace as
the last 30 years, as in that case in many places the number of fog days would become
negative before 2050. The absolute trend has to be lower than over the last 30 years.
This outlook should be viewed as a ﬁrst step based on a statistical analysis of a
subset of the factors causing fog. Further progress depends on (regional) climate 10
models resolving fog explicitly, with realistic land surface properties and temperature-
dependent aerosol emissions, utilising the expertise that has already been developed
for weather forecasting.
9 Conclusions
Based on four times daily observations of horizontal visibility over 1976–2006 we ﬁnd 15
signiﬁcant decreases in the number of days with low visibility both for dense fog (visibil-
ity less than 200m) and mist (visibility less than 2km). In large parts of Europe these
decreases correspond to a halving of the number of fog and mist days. The signal is
coherent across countries and does not diﬀer between airports and other stations. This
indicates that changes in observing practices are not the main cause of the observed 20
decline.
The decrease in number of fog and mist days is spatially and temporally correlated
with the decrease in SO2 emissions for all ranges. The correlation is largest at 5km
visibility, but the correlations are also statistically signiﬁcant for dense fog, in agree-
ment with micro-meteorological modelling studies. Well-documented extreme cases 25
are the sudden dense fog in the Netherlands at midnight on New Year’s Eve due to
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ﬁreworks. The spatial correlation between trends in fog and urbanisation is lower, but
of the expected sign for all ranges studied.
The large-scale circulation aﬀects fog in two ways: directly by inﬂuencing the local
meteorological conditions that lead to fog, and indirectly by advection, concentration
and removal of aerosols from the atmosphere. With the methods presented in this 5
paper we can not distinguish between those eﬀects.
Changes in large-scale circulation are correlated with the number of mist and fog
days over most of Europe. In winter for 2km the correlation coeﬃcient of detrended
data are around 0.6 except in areas with very little fog. In summer other factors are
more important and the correlations are around 0.4. For dense fog the correlations are 10
somewhat lower, but still sizeable.
There has been a trend towards more westerly circulation in January–March. This
trend explains 20%–80% of the observed trends in mist in these months, and again
somewhat less in dense fog. However, it is countered by the eﬀects of other changes
in circulation, so that the sum is much smaller, at most 20% of the observed trend. In 15
other seasons the fraction of the trend explained by circulation changes is smaller still.
We conclude that for interannual variability the eﬀects of circulation dominate, but for
the trend other factors are more important. One factor that has been identiﬁed is the
eﬀect of the decreasing aerosol emissions over Europe. The trend to a larger fraction of
urban land seems also to have played a role. Other factors such as moisture availability 20
and heat generation at ground level have not been investigated. In the future, both
the aerosol forcing and the circulation changes are projected to further decrease the
occurrence of fog and mist in Europe.
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Table 1. Fraction of the 329 stations with positive/negative trends in days with low visibility that
are signiﬁcant at the p-values in the ﬁrst column.
p winter summer
V <200m V <2km V <200m V <2km
1.0 0.21/0.79 0.12/0.88 0.18/0.82 0.07/0.93
0.1 0.04/0.37 0.03/0.64 0.03/0.36 0.02/0.75
0.05 0.03/0.29 0.02/0.59 0.02/0.29 0.01/0.71
0.01 0.01/0.17 0.01/0.46 0.02/0.17 0.01/0.54
0.005 0.00/0.14 0.01/0.43 0.01/0.13 0.00/0.49
0.001 0.00/0.09 0.00/0.30 0.01/0.06 0.00/0.38
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V <200m, winter V <2km, winter
(a) (b)
V <200m, summer V <2km, summer
(c) (d)
Fig. 1. Mean number of days per half year with low visibility over 1976–2006 in winter (a,b:
October–March) and summer (c,d: April–September). In (a,c) the number of days with dense
fog (visibility less than 200m) is shown, in (b,d) the number of days with visibility less than 2km.
24
Fig. 1. Mean number of days per half year with low visibility over 1976–2006 in winter (a) and
(b) October–March, and summer (c) and (d) April–September. In (a) and (c) the number of
days with dense fog (visibility less than 200m) is shown, in (b) and (d) the number of days with
visibility less than 2km.
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V <200m, winter V <2km, winter
(a) (b)
V <200m, summer V <2km, summer
(c) (d)
Fig. 2. Relative trend in low visibility [%/yr] over 1976–2006 in winter (a,b: October–March) and
summer (c,d: April–September). In (a,c) the number of days with dense fog (visibility less than
200m) is shown, in (b,d) the number of days with visibility less than 2km.
25
Fig. 2. Relative trend in low visibility [%/yr] over 1976–2006 in winter (a) and (b) October–
March, and summer (c) and (d) April–September. In (a) and (c) the number of days with dense
fog (visibility less than 200m) is shown, in (b) and (d) the number of days with visibility less
than 2km.
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Fig. 3. Visibility at the touch-down point of various runways at Amsterdam Airport in the Nether-
lands during New Year’s Eve 2008.
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Fig. 3. Visibility at the touch-down point of various runways at Amsterdam Airport in the Nether-
lands during New Year’s Eve 2008.
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Fig. 4. Spatial rank correlation of the trend in the annual number of days with minimum visibility
less than a range of cut-offs with the trend in EMEP SO2 emissions 1990–2007 (Streets et al.,
2006) and with the negative trend in the fraction of urban land (Hurtt et al., 2006) on a 2.5◦×2.5◦
grid covering 10◦W–35◦E, 37◦–60◦N. The green line indicates the correlations that have p =
0.05, using a number of degrees of freedom deduced from the spatial autocorrelation.
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Fig. 4. Spatial rank correlation of the trend in the annual number of days with minimum visi-
bility less than a range of cut-oﬀs with the trend in EMEP SO2 emissions 1990–2007 (Streets
et al., 2006) and with the negative trend in the fraction of urban land (Hurtt et al., 2006) on a
2.5
◦×2.5
◦ grid covering 10
◦ W–35
◦ E, 37
◦–60
◦ N. The green line indicates the correlations that
have p=0.05, using a number of degrees of freedom deduced from the spatial autocorrelation.
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Fig. 5. The number of days with visibility less than 100m, 200m, 500m, 1km and 2km at (a)
De Bilt, (b) Z¨ urich Airport and (c) Potsdam. The straight-line ﬁts include a break-point estimated
from the 5km visibility.
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Fig. 5. The number of days with visibility less than 100m, 200m, 500m, 1km and 2km at (a)
De Bilt, (b) Z¨ urich Airport and (c) Potsdam. The straight-line ﬁts include a break-point estimated
from the 5km visibility.
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 6. Composite of daily mean sea-level pressure anomalies [Pa] at days with low visibil-
ity in De Bilt, the Netherlands (dot) in winter (a,b: October-March) and summer (c,d: April-
September). In (a,c) SLP at days with dense fog (visibility less than 200m) is shown, in (b,d) at
days with visibility less than 2km.
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Fig. 6. Composite of daily mean sea-level pressure anomalies [Pa] at days with low visibility
in De Bilt, the Netherlands (dot) in winter (a) and (b) October–March, and summer (c) and (d)
April–September. In (a) and (c) SLP at days with dense fog (visibility less than 200m) is shown,
in (b) and (d) at days with visibility less than 2km.
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(c) (d)
Fig. 7. As Fig. 6 but for Z¨ urich Airport.
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Fig. 7. As Fig. 6 but for Z¨ urich Airport.
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 8. Regression of the seasonal mean sea-level pressure on the number of days with low
visibility in De Bilt [Pamonth], the Netherlands (dot) in winter (a,b) and summer (c,d). In (a,c)
the regression of days with dense fog (visibility less than 200m) is shown, in (b,d) the regression
of days with visibility less than 2km.
31
Fig. 8. Regression of the seasonal mean sea-level pressure on the number of days with low
visibility in De Bilt [Pamonth], the Netherlands (dot) in winter (a) and (c), and summer (b) and
(d). In (a) and (c) the regression of days with dense fog (visibility less than 200m) is shown, in
(b) and (d) the regression of days with visibility less than 2km.
24017ACPD
9, 23987–24027, 2009
Circulation and
aerosols in decline of
mist and fog
G. J. van Oldenborgh et
al.
Title Page
Abstract Introduction
Conclusions References
Tables Figures
J I
J I
Back Close
Full Screen / Esc
Printer-friendly Version
Interactive Discussion
V <200m V <2km
(a) (b)
(c) (d)
Fig. 9. As Fig. 8 but for Z¨ urich Airport.
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Fig. 9. As Fig. 8 but for Z¨ urich Airport.
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 10. As Fig. 8 but for Potsdam.
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Fig. 10. As Fig. 8 but for Potsdam.
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Fig. 11. Lag correlations of the number of days with minimum visibility less than 200m at De
Bilt in July–August with 2-month summed precipitation at the same station. Both series have
been high-pass ﬁltered by taking year-on-year differences. The green line indicates the 95%
conﬁdence interval, computed with a bootstrap method.
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Fig. 11. Lag correlations of the number of days with minimum visibility less than 200m at De
Bilt in July–August with 2-month summed precipitation at the same station. Both series have
been high-pass ﬁltered by taking year-on-year diﬀerences. The green line indicates the 95%
conﬁdence interval, computed with a bootstrap method.
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 12. The regression of the number of dense fog (a,c) and mist (b,d) days on zonal
geostrophic wind AU [dy m−1s] in winter (a,b) and summer (c,d).
35
Fig. 12. The regression of the number of dense fog (a) and (c), and mist (b) and (d) days on
zonal geostrophic wind AU [dym
−1 s], in winter (a) and (b), and summer (c) and (d).
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 13. As Fig. 12 but for meridional geostrophic wind AV [dy m−1s].
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Fig. 13. As Fig. 12 but for meridional geostrophic wind AV [dym
−1 s].
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 14. As Fig. 12 but for geostrophic vorticity B (arbitrary units).
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Fig. 14. As Fig. 12 but for geostrophic vorticity B (arbitrary units).
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V <200m V <2km
(a) (b)
(c) (d)
Fig. 15. The correlation of the VSM Eq. (1) without noise with the observed number of days of
dense fog (a,c) and 2km mist (b,d) in winter (a,b) and summer (b,d).
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Fig. 15. The correlation of the VSM Eq. (1) without noise with the observed number of days of
dense fog (a) and (c), and 2km mist (b) and (d), in winter (a) and (c), and summer (b) and (d).
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1948–2009 1976–2006
(a) (b)
Fig. 16. Trends in January–March zonal geostrophic wind U [ms−1yr−1] over 1948–2009 (a)
and 1976–2006 (b). In (a) only grid boxes with p<0.1 are shown.
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Fig. 16. Trends in January–March zonal geostrophic wind U [ms
−1yr
−1] over 1948–2009 (a)
and 1976–2006 (b). In (a) only grid boxes with p<0.1 are shown.
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V <200m, January–March V <2km, January–March
(a) (b)
Fig. 17. Relative trend in visibility [%/yr] due to circulation changes in January–March. (a)
dense fog (200m), (b) mist (2km).
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Fig. 17. Relative trend in visibility [%/yr] due to circulation changes in January–March. (a)
dense fog (200m), (b) mist (2km).
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V <200m, January–March V <2km, January–March
(a) (b)
Fig. 18. As Fig. 17 but only taking zonal geostrophic wind U into account.
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Fig. 18. As Fig. 17 but only taking zonal geostrophic wind U into account.
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